Background: Arrestins are pivotal, multifunctional organizers of cell responses to GPCR stimulation, including cell survival and cell death. In Drosophila norpA and rdgC mutants, endocytosis of abnormally stable complexes of rhodopsin (Rh1) and fly photoreceptor Arrestin2 (Arr2) triggers cell death, implicating Rh1/Arr2-bearing endosomes in pro-cell death signaling, potentially via arrestin-mediated GPCR activation of effector kinase pathways. In order to further investigate arrestin function in photoreceptor physiology and survival, we studied Arr2's partner photoreceptor arrestin, Arr1, in developing and adult Drosophila compound eyes. Results: We report that Arr1, but not Arr2, is essential for normal, light-induced rhodopsin endocytosis. Also distinct from Arr2, Arr1 is essential for light-independent photoreceptor survival. Photoreceptor cell death caused by loss of Arr1 is strongly suppressed by coordinate loss of Arr2. We further find that Rh1 C-terminal phosphorylation is essential for light-induced endocytosis and also for translocation of Arr1, but not Arr2, from dark-adapted photoreceptor cytoplasm to photosensory membrane rhabdomeres. In contrast to a previous report, we do not find a requirement for photoreceptor myosin kinase NINAC in Arr1 or Arr2 translocation. Conclusions: The two Drosophila photoreceptor arrestins mediate distinct and essential cell pathways downstream of rhodopsin activation. We propose that Arr1 mediates an endocytotic cell-survival activity, scavenging phosphorylated rhodopsin and thereby countering toxic Arr2/Rh1 accumulation; elimination of toxic Arr2/ Rh1 in double mutants could thus rescue arr1 mutant photoreceptor degeneration.
Introduction
Arrestins mediate and regulate cell responses to G protein-coupled receptor (GPCR) signaling [1] . Recruited to activated GPCRs marked by conformational change and phosphorylation, arrestins uncouple G proteins from active receptors and promote receptor endocytosis, desensitizing cells [2, 3] . Endocytosed receptors, in complex with arrestins, initiate a second, non-G protein branch of GPCR signaling, scaffolding and activating kinases to "signaling endosomes" that particularly engage cytoplasmic pathways. Arrestin-scaffolded kinases notably include c-Src family and mitogen-activated protein kinases (MAPKs), and their activation impacts numerous cell activities including chemotaxis, cell motility, and cell survival [4, 5] . In Drosophila photore-*Correspondence: dready@bilbo.bio.purdue.edu ceptors, stable complexes of visual arrestin Arr2 with phosphorylated, active Rh1 metarhodpsin (M-p) cause massive, fatal endocytosis [6, 7] . While mechanisms of this cell death remain to be detailed, disruption of MAPK signaling is a likely suspect [8] . In order to better understand how arrestins cooperate in cell physiology and survival, we investigated Arr2's partner visual arrestin, Arr1 [9] [10] [11] [12] , in developing and adult Drosophila photoreceptors.
Upon stimulation, like GPCRs generally, both Drosophila Rh1 and vertebrate rhodopsins activate rhodopsin kinase (RK), which phosphorylates the receptor's C terminus [13] [14] [15] [16] . Vertebrate rhodopsin phosphorylation decreases signaling and recruits visual arrestin, whose binding further quenches activity [13, 14] . Elimination of C-terminal phosphorylation sites in a mouse rhodopsin truncation mutant prolongs photoresponses [17] . Mutations of human RK cause Oguchi disease, a congenital stationary night blindness [18] .
The significance of Drosophila Rh1 phosphorylation for photoresponse deactivation is less clear. A phosphoregulated cycle of arrestin binding to, and release from, activated Rh1 recycles the receptor for another round of photodetection [19] . However, flies lacking Rh1 C-terminal phosphorylation sites show normal photoresponse deactivation [15] , and Arr2 binds activated Rh1, metarhodopsin (M), without requiring phosphorylation [6, 7] . Indeed, Arr2 binds to M prior to phosphorylation [20] , and hyperphosphorylation of Rh1 by rhodopsin kinase decreases Arr2 binding [16] . Rh1 C-terminal phosphodeficient mutants rescue photoreceptor degeneration in norpA mutants lacking effector phospholipase C [6] and rdgC mutants lacking rhodopsin phosphatase [15] , but a role for Rh1 C-terminal phosphorylation in normal cell physiology remains to be determined.
Like Drosophila photoreceptors, vertebrate rods express two visual arrestins: arrestin, with a long C terminus resembling fly Arr2, and p44, a splice variant whose truncated C terminus resembles the shorter Arr1 [21] (see Figure S1 in the Supplemental Data available with this article online). Like Arr1, p44 is a minority arrestin, present at levels approximately 10% those of fulllength arrestin. Like Arr2, p44 binds unphosphorylated, as well as phosphorylated, active rhodopsin [22] . Upon illumination, p44 redistributes to "lipid raft" membrane microdomains, while arrestin does not [23] . It has been proposed that the two rod visual arrestins mediate receptor shutoff in differing light regimes, p44 operating in dim illumination normal for rod cell function and arrestin acting in bright illumination [24] . Like RK, mutations of human arrestin cause Oguchi disease, likely resulting from constant, low-level activation of the phototransduction cascade [25] . Constitutive phototransduction cascade activity, "equivalent light" that entrains the pathophysiology of intense, damaging illumination, may underlie several forms of retinal degeneration [26] .
Vertebrate rhodopsin is unusual among GPCRs in that receptor activation and arrestin recruitment does not promote endocytosis. Mammalian nonvisual cells commonly express two arrestins, β-arrestin1 and β-arres-tin2, that target activated receptors for endocytosis at coated pits. Similar to mammalian nonvisual GPCRs, invertebrate rhodopsins are normally endocytosed upon activation; illuminated compound eye photoreceptors accumulate long-lived, rhodopsin-bearing endosomes [27] [28] [29] . Arrestin has been localized to rhodopsin-bearing endosomes of Limulus photoreceptors [30] , and Arr2 has been demonstrated to mediate the massive Rh1 endocytosis that kills norpA and rdgC mutant photoreceptors [6, 7] , but a functional requirement for arrestin in normal light-induced endocytosis has not been demonstrated.
Arrestins translocate from resting cell cytoplasm to activated GPCRs at the plasma membrane; visual arrestins translocate to illuminated photosensory membrane organelles, vertebrate outer segments [7, [31] [32] [33] [34] [35] , and invertebrate rhabdomeres [7, [36] [37] [38] . Normal arrestin translocation in rods of mice lacking phosphorylated rhodopsin rules out simple diffusion to a light-dependent phospho-rhodopsin arrestin binding "sink" [39, 40] . Translocation fails in photoreceptors deficient for the microtubule motor kinesin-II subunit, KIF3A, consistent with active arrestin transport to outer segments via the connecting cilium [41] . However, recent experiments show arrestin translocation is energy independent, supporting translocation via diffusion to light-activated Rh* rhodopsin [42] . Light-induced Arr2 translocation to Drosophila rhabdomeres promotes adaptation [43, 44] and has been reported to require the photoreceptor Myosin-III, NINAC [45] .
In the present work, we characterize Arr1 in Drosophila photoreceptors. Arr1 is 7-fold less abundant than Arr2, and Arr1 loss by itself had no reported phenotype; its only reported phenotype is to prolong the photoresponse 10-fold in arr1;arr2 double mutants [12] . We find Arr1 is necessary for normal light-dependent endocytosis and that Arr1 loss causes light-independent photoreceptor cell death. We find that Rh1 C-terminal phosphorylation is essential for Arr1 translocation to stimulated rhabdomeres and for light-induced Rh1 endocytosis. Unexpectedly, we also find that both Arr1 and Arr2 translocate robustly to rhabdomeres of NINAC null ninaC P235 flies. We also show that elimination of Arr2 rescues photoreceptor death caused by loss of Arr1. Our results demonstrate a vital role for Arr1 in rhodopsin endocytosis and cell survival.
Results

Light-Dependent Endocytosis in Pupal Retina
In a previous study, we found that the machinery of light-dependent Rh1 endocytosis is fully operational at the outset of rhabdomere morphogenesis [46] . To further investigate Rh1 endocytosis, we first observed the time course with which Rh1-immunopositive large vesicles (RLVs) and their electron microscope counterparts, multivesicular bodies (MVBs), appear in photoreceptor cytoplasm after light on. In dark-reared flies, Rh1 is principally rhabdomeric; there are few RLVs ( Figure 1A Figures 1C and 1D ). Once formed, RLVs persist for approximately 13 hr [46] . RLVs, formed in tens of minutes, are thus a long-lived endocytic compartment that receive a surge of light-dependent Rh1 endocytosis.
Arr1 Redistributes to RLVs in Response to Light
Drosophila photoreceptors express Arr1 and Arr2 beginning at approximately 70% of pupal development (% pd), roughly coinciding with the expression of Rh1 (not shown). In dark-reared pupal eyes, Arr1 is predominantly cytoplasmic, while Arr2 is both cytoplasmic and rhabdomeric (Figure 2A) . By 1 hr after light on, Arr1 localizes predominantly to RLVs; some Arr1 also localizes to the base of the rhabdomere; and Arr2 localizes predominantly to the rhabdomere. Some Arr2 is also detected in RLVs. Unlike Xenopus rod arrestin, which relocalizes from outer segments back to inner segment cytoplasm after 3 to 4 hr of constant illumination [35] , fly Arr2 remains rhabdomeric for up to 6 hr in constant light (not shown).
Pupal eyes reveal an unexpected light-dependent Arr1 trajectory to RLVs. By 5 min after light on, Arr1 translocates to pupal rhabdomeres. However, by 30 min, it retreats from rhabdomeres and is detected in RLVs. In flies exposed to light for more than 1 hr, most Arr1 localizes in RLVs, resulting in a pattern similar to that seen in constant light.
Arr1 translocates to many, but not all, rhabdomeres in wild-type pupal retinas after light on. In pupal photoreceptors lacking Arr2, all rhabdomeres become Arr1 positive 5 min after light on, and Arr1 is more thoroughly cleared from mutant cytoplasm ( Figure S3 ), suggesting that Arr2 competes with Arr1 for activated Rh1 binding. Wild-type adult eyes likewise do not show transient Arr1 rhabdomere localization, but Arr2 null adult flies do (not shown). In adult flies, Arr2 is estimated to be present at levels 5-to 7-fold that of Arr1 [47] , and together with our observation of Arr2 immunofluoresence in rhabdomeres of dark-raised flies, we speculate that decreased Arr1 translocation observed in adult photoreceptors reflects an increased competitive advantage of Arr2. In pupal photoreceptors, when Arr1 and Arr2 expression begins, Arr1 may be an equal or advantaged competitor. At present, it cannot be ruled out that altered physiology, e.g., deregulated Rh1 signaling in arr2 mutants, may contribute to increased Arr1 translocation.
NINAC Is Not Necessary for Arr1 and Arr2
Translocation to Illuminated Rhabdomeres Light-induced Arr2 translocation (in adult flies %2 days old) has been reported to require photoreceptor myosin III, NINAC [45] . In order to determine whether Arr1 translocation also requires NINAC, we repeated our dark-light shift experiment in pupae and adults lacking NINAC ( Figure 3A ). Arr1 localizes normally to darkadapted cytoplasm of ninaC P235 null pupal photoreceptors; light induces rapid Arr1 rhabdomere translocation. Different from wild-type, Arr1 localizes to nearly all ninaC P235 rhabdomeres. By 1 hr, Arr1 immunoreactivity is limited to RLVs in both wild-type and mutant photoreceptors. As with arr2 mutants, it remains to be determined if enhanced Arr1 translocation in ninaC mutant photoreceptors reflects an immediate impact on translocation or a more global effect on cell physiology.
Unexpectedly, we find that Arr2 also translocates vigorously in ninaC P235 photoreceptors in both pupae (Figure 3B ) and 2-day-old adults (not shown). NINAC is not required for Drosophila Arr1 or Arr2 translocation.
Arr1 but Not Arr2 Is Necessary for Light-Dependent Rh1 Internalization
We investigated roles of Arr1 and Arr2 in light-dependent Rh1 endocytosis using arr1 and arr2 mutants (Figure 4) . In two arr1 alleles, arr1 1 and arr1 Rh1⌬356, an 18 amino acid C-terminal truncation that eliminates serines phosphorylated after light exposure [6, 7, 15], and Rh1CT S>A, in which C-terminal serines have been replaced by alanines [7] . Assayed in pupal eyes, light-induced translocation of Arr1 and Rh1 endocytosis are strongly decreased in both mutants (Figures 5A and 5B; Figure S3 ). Arr2 translocates normally in these same mutants ( Figure 5A and Figure S4 ). These observations indicate that light-dependent Rh1 C-terminal phosphorylation is essential for Arr1, but not Arr2, light-dependent translocation. In order to test if phototransduction cascade activation is required for Rh1 endocytosis, we examined mutants that block phototransduction, dgq 1 and norpA p24 , deficient for Rh1's G protein associate or its effector phospholipase C. RLVs accumulate normally in these mutants when exposed to light for 1 hr ( Figure S5 ). Vertebrate RK activity is allosterically regulated, stimulated by active conformation rhodopsin, Rh* [14] , and Rh1 coimmunoprecipitates with Drosophila RK (GPRK1) [16] , suggesting that the phototransduction cascade activation is not required for rhodopsin phosphorylation. Rh1 photoconversion and subsequent C-terminal phosphorylation are essential for Arr1-mediated endocytosis, but downstream activation of the phototransduction cascade is not.
To investigate interactions between Rh1 mutants and arrestins more directly, we used an arrestin binding and release assay [38] and rdgC light-dependent degeneration, described as apoptosis [6, 7] . However, some degenerating photoreceptors have necrotic features, including large cytoplasmic vacuoles and cell swelling (Figure 7B, R6) . We failed to detect activated caspase 3 and caspase 7 in degenerating arr1 mutant cells (data not shown). Expression of the baculovirus p35 caspase inhibitor partially rescues arr1 mutant degeneration ( Figure S6C ). A second arr2 allele, arr2 3 , also rescues arr1 degeneration ( Figure S6D ).
Discussion
Drosophila photoreceptors express two arrestins, Arr1 and Arr2, with different essential activities. Majority Arr2 quenches rhodopsin signaling, while Arr1 promotes light-induced rhodopsin endocytosis. Both functions are cell essential. Arr2 loss leads to light-dependent cell death [12] , and results here show that Arr1 loss blocks light-dependent rhodopsin endocytosis and causes light-independent cell death. Photoreceptor cell death following endocytosis of abnormally stable Arr2/ Rh1 complexes suggests that they signal pro-cell death activity [6, 7] . Results here show that Arr2 removal rescues photoreceptor death caused by Arr1 loss. We propose that Arr1 normally captures phospho-rhodopsin and targets it to endocytic removal, inhibiting Arr2/Rh1 accumulation and its toxic endocytosis, thereby effecting a vital prosurvival activity.
Results here showing Rh1 C-terminal phosphorylation promotes Arr1 binding and light-dependent endocytosis reveal a new role for Drosophila Rh1 phosphorylation. We given that its unusually short C-terminal lacks motifs that bind AP-2 and clathrin to promote clathrin-mediated endocytosis (CME) ( Figure S1 ). It remains to be determined if Arr1 targets Rh1 to already-nucleated gests that Arr1 Ser361 may provide a comparable phospho-regulatory site ( Figure S1) . A third Drosophila arrestin, Kurtz, contains canonical C-terminal clathrin and AP-2 binding domains [52] , but Kurtz is not expressed in the fly eye (G. Roman, personal communication). GFP-clathrin light chain and α-adaptin localize at the rhabdomere base (A.K.S., unpublished observation), suggesting that Rh1 is internalized by CME. Dynamin mediates scisson of invaginated-coated pits from the plasma membrane and dynamin loss inhibits CME [53, 54] . Restrictive temperatures decreased lightinduced Rh1 endocytosis in temperature-sensitive dynamin shi ts mutant flies ( Figure S2 ), suggesting that CME participates in Rh1 endocytosis.
Results here show that Arr2 is dispensable for lightinduced endocytosis. Arr2 can promote endocytosis when norpA or rdgC mutants stabilize Arr2/Rh1 complexes, but in normal flies, these complexes are transient, destabilized by Arr2 phosphorylation that rapidly follows photostimulation [7] . Arr2 phosphorylation following photostimulation also inhibits clathrin binding, further diminishing endocytic participation [7] . Provocatively, although vertebrate arrestin-rhodopsin complexes are not normally endocytosed, a Retinitis Pigmentosa mutant rhodopsin forms stable arrestin complexes that are endocytosed and disrupt normal cell function [55] .
We speculate that endocytic Arr2/M-p signaling kills arr1 mutant photoreceptors. Several observations show constitutive, light-independent Rh1 endocytosis: fluorescence microscopy of 7-day-old dark-reared adult wildtype photoreceptors reveals a low level of small RLVs (A.K.S., unpublished observation). In the electron microscope, dark-reared photoreceptors show occasional MVBs and coated pits at the rhabdomere base. GFPclathrin light chain and α-adaptin localize to the rhabdomere base of both dark-and light-exposed photoreceptors. Spontaneous rhodopsin activation has been observed in Drosophila [56] , and, once formed, Drosophila M is stable for at least 40 min [57] . We speculate that Arr1 targets spontaneously activated M-p to basal endocytosis. Either alone or in competition with Arr2, Arr1 constantly scavenges M-p, and, by 3 days without this surveillance, Arr2/M-p complexes, stable in the absence of light-induced Arr2 phosphorylation, reach levels that cause massive and toxic endocytosis. Confocal immunofluorescence detects Arr2 in endosomes of degenerating arr1 mutant photoreceptors (Figure S7) . Elimination of endocytosis in arr1;arr2 double mutants may thus rescue arr1 mutant degeneration. Constant surveillance over a rhabdomere's approximately 100 million receptors and timely capture and removal of inappropriately signaling receptors may be essential for normal photoreceptor physiology [6] .
Photoreceptor cell death in norpA mutants does not depend on apoptosis pathway proteins Rpr, Hid, Grim, and Dronc caspase, and expression of apoptosis inhibitor p35 does not rescue norpA or rdgC degeneration [58] . Resemblance between Arr2-mediated Drosophila photoreceptor cell death and nonapoptotic, autophagic cell death of mouse striatal cells in response to neurokinin-1 receptor activation has been noted [59] . Observations here that the morphology of photoreceptor cell death in Arr1 mutants does not simply resemble apoptosis, that expression of antiapoptotic p35 gives only modest photoreceptor rescue, and a failure to detect activated caspase 3 or caspase 7 in dying photoreceptors, suggest that nonapoptotic, autophagic pathways may participate in arr1 mutant retinal degeneration. Arrestin-mediated GPCR signaling pathways intersect pathways of autophagy-regulated cell survival, potentially including AKT/PKB prosurvival signaling [ Charles Zuker) in PBST (PBS + 0.3% Triton X-100) with 5% fetal cow serum at 4°C overnight. After six PBST washes, eyes were incubated with diluted secondary antibodies, anti-mouse and/or rabbit labeled with Alexa488, 647 (1:300) (Molecular Probes), Cy2 (1: 500) (Amersham-Pharmacia) in PBST (PBS + 0.3% Triton X-100) with 5% fetal cow serum at 4°C over night. After six PBST followed by three PBS washes, eyes were mounted in 50% glycerol in PBS containing 0.25% n-propyl gallate as anti-fade. For actin staining, Alexa568-labeled phalloidin is added to the diluted primary antiserum at 5 U/1 ml (Molecular Probes). Samples were examined and images recorded using a Bio-Rad MRC1024 confocal microscope. To minimize bleed-through in double or triple stained samples, each fluorochrome was imaged separately using a single excitation line and was then merged. Acquired images were processed by Photoshop7. Image manipulation was fully compliant with guidelines for proper digital image handling outlined in Rossner and Yamada [63] . Images shown are representative of the appearance of the unprocessed image viewed at the microscope. Numbers of samples documented are shown on figures; phenotypes shown for each condition are comparable with an approximately equal number of eyes that were viewed, but not recorded.
Electron Microscopy
Conventional electron microscopy was carried out as previously described with some modifications [64] . In brief, flies were microinjected with prefixative (2% paraformaldehyde, 2% glutaraldehyde, 0.1 M cacodylate buffer [pH 7.4]) and dissected after 10 min. Fixed eyes were then incubated for more than 2 hr at 4°C. The eyes were postfixed in 2% OsO 4 in 0.1 M cacodylate buffer (pH 7.4), stained with 2% uranyl acetate, serial dehydrated in alcohol, and embedded in Quetol-812 (EMS). Ultrathin sections (silver-gray) were stained with lead hydroxide and observed with an electron microscope (Philips 300 electron microscope).
Arrestin Pelleting Assay
Arr1 and Arr2 binding assays were performed as described in [38] , with modifications. Three to six heads from dark-reared 90%-100% pd pupae were used for each experiment. Heads were dissected using infrared illumination and infrared-sensitive eye pieces and added to a buffer containing 150 mM KCl, 20 mM Tris (pH 7.5), 5 mM DTT, and 1× protease inhibitor cocktail (Pierce). Heads were illuminated with blue and orange light on the stage of a Zeiss Axioskop with a 50W Hg lamp using FITC (450-490 nm) and Texas red (567-593 nm) epifluorescence filters and a 5× objective. For the Arr1 and Arr2 binding assays, the fly heads were exposed to 30 s of blue light, homogenized in the dark, and centrifuged at 13,000 × g for 5 min. Pellet and supernatant fractions were separated under dim red light and subjected to SDS-PAGE and Western analysis with antibodies against Arr1 (1/500; gift from Dr. Patrick Dolph) and Arr2 (1/1000; gift from Dr. Hiro Matsumoto). Arr1 and Arr2-release assays were performed in the same manner, except that the isolated fly heads were exposed to 30 s of blue light, followed by 90 s of orange light, prior to homogenization and centrifugation. Dark samples are immediately homogenized and centrifuged after head isolation. 
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